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Introduction 

In recent years, a good deal of attention has been focused 
on the thermal conversion of biomass to gases and liquids, and in 
particular, on the products obtainable from short time, high 
temperature pyrolysis of wood and other lignocellulosics. This 
flash pyrolysis is usually carried out at or near atmospheric 
pressures, while hydropyrolysis commonly employs hydrogen pres- 
sures to 20 UPa. 

Residence times of only a few seconds or less with reaction 
at high temperatures requires a reactor configuration capable of 
very high heating rates. Two of the most appropriate designs are 
the entrained flow reactor, and the fluidized bed reactor. Many 
flash pyrolysis studies have employed one or the other of these 
reactor types. 

In general, two approaches to flash pyrolysis of biomass 
have been used by various workers. One approach has the objec- 
tive of producing a maximum yield of a desirable gas, which in 
atmospheric pressure non-catalytic pyrolysis processes is usually 
ethylene, or other olefins. Examples of processes for this 
purpose, such as "ultrapyrolysis" (10) (17), "ablative pyrolysis" 
(7). the flash pyrolysis process described by Anta1 ( 2 )  and the 
fluidized bed process of Kuester (14) have been studied in recent 
years for the production of olefins. These processes are charac- 
terized by high temperatures >(650"C) and residence times of 1 
second or less. 

A second approach to flash pyrolysis has been described by 
Scott and Piskorz (19)(20) and Scott et al. (21). In these 
publications the development has been outlined of an atmospheric 
pressure flash pyrolysis process utilizing a fluidized bed of 
solid as heat carrier. The process studied has as a primary 
objective the determination of conditions for maximum yield of 
liquids from biomass, particularly forest materials. Results 
indicated that at apparent vapor residence times of about 0.5 
seconds, organic liquid yields of 60%-70% on a moisture free 
basis could be obtained from hardwoods such as aspen-poplar and 
maple. Lower but still high yields of organic liquids (40%-60%) 
could be obtained from agricultural wastes such as wheat straw, 
corn stover and bagasse. 
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\!or? r e c e n t l y ,  K n i g h t  et a:. (11) h a v e  d e s c r i b e d  t h r  O ~ P -  

r a t i o n  of a n  e n t r a i n e d  flow rear tor  for  t h e  p r o d u c t i o n  of l i q -  
u i d s .  A somewti- t  d i f f e r e n t  u p f l o u i  e n t r a i n e d  p y r o l y z e r  for  t h e  
p r o d u c t i o n  of l i q u i d s  f r o m  wood h a s  b e e n  d e s c r i b e d  b y  
B e a u m o n t  ( 5 ) .  K o s s t r i n  ( 1 2 )  h a s  a l s o  u s e d  a f l u i d i z e d  h e d  f o r  
t h e r m a l  c o n v e r s i o n  uf  b i o m a s s  t u  l i q u i d .  I n  g e n e r a l ,  p r o c e s s e s  
f o r  the a t t a i n m e n t  of h i g h  l i y u i d  y i e l d s  o p e r a t e  a t  much lower 
t e m p e r a t u r e s ,  commonly 4SOo-5500C t h a u  d o  p r o c e s s e s  t u  yield 
g a s e o u s  p r o d u c t s ,  b u t  a t  a b o u t  t h e  same v a p o r  r e s i d e n c e  times o f  
a b o u t  500 m s .  

I n  r a p i d  p y r o l y s i s  p r o c e s s e s ,  t h e  r a t e  o f  h e a t  t r a n s f e r  i s  
a l l - i m p o r t a n t .  I d e a l l y ,  i n  s u c h  a p r o c e s s ,  t h e  time r e q u i r e d  f 0 . r  
a b i o m a s s  p a r t i c l e  t o  r e a c h  a b o u t  95% o f  t h e  r e a c t i o n  t e m p e r a t u r e  
w o u l d  be much less t h a n  t h e  p a r t i c l e  r e s i d e n c e  t i m e  i t s e l f .  T h e  
r e s i d e n c e  times n o r m a l l y  q u o t e d  i n  t h e r m a l  p y r o l y s i s  s t u d i e s  tire 
u s u a l l y  mean g a s  r e s i d e n c e  t i m e s ,  t h a t  i s ,  t h e  n e t  e m p t y  r eac to r  
v o l u m e  d i v i d e d  b y  t h e  v o l u m e t r i c  f l o w  r a t e ,  u s u a l l y  t a k e n  a t  
r eac to r  i n l e t  c o n d i t i o n s .  P a r t i c l e  r e s i d e n c e  times are n o t  a s  
p r e c i s e l y  k n o w n ,  a n d  w i l l  v a r y  w i t h  t h e  r eac to r  c o n f i g u r a t i o n  a n d  
t y p e .  M e a s u r e m e n t  o f  mean p a r t i c l e  r e s i d e n c e  times h a s  n o t  b e e n  
d o n e  i n  t h e  m a j o r i t y  o f  f a s t  p y r o l y s i s  p r o c e s s  s t u d i e s .  H o w e v e r ,  
B e r r u t i  ( 6 )  m e a s u r e d  t h e s e  r e s i d e n c e  times i n  a f l u i d i z e d  s a n d  
b e d  f o r  1 mm wood p a r t i c l e s ,  a n d  f o u n d  t h a t  t h e s e  v a r i e d  f r o m  
2 t o  6 s d e p e n d i n g  o n  t h e  g a s  r e s i d e n c e  t i m e  (400  t o  800 m s ) .  
R e c e n t l y ,  S o l o m o n  e t  a l .  ( 2 2 )  r e p o r t e d  m e a s u r e m e n t s  o f  t h e  v e l o -  
c i t y  o f  f i n e  c o a l  p a r t i c l e s  i n  a downward  f l o w  e n t r a i n e d  reactor  
a n d  f o u n d  t h e s e  were o n l y  a b o u t  40% o f  t h e  gas v e l o c i t y  o v e r  most 
o f  t h e  r e a c t i o n  p e r i o d .  T h e r e f o r e ,  a l t h o u g h  t h e  r e s i d e n c e  t i m e  
o f  p a r t i c l e s  is g e n e r a l l y  n o t  known v e r y  p r e c i s e l y  i n  f a s t  p y r o l -  
y s i s  p r o c e s s e s ,  i t  w i l l  l i k e l y  b e  f r o m  2 t o  10 times t h e  a p p a r e n t  
g a s  r e s i d e n c e  t ime f o r  most o f  t h e  a p p l i c a b l e  r e a c t o r s ,  t h a t  i s ,  
f o r  e n t r a i n e d  f l o w ,  f l u i d  b e d ,  s p o u t e d  b e d  or c y c l o n i c  reac tors .  
I t  is  l i k e l y ,  t h e r e f o r e ,  t h a t  g i v e n  a reactor  c a p a b l e  o f  h i g h  
h e a t  f i u x ,  a n d  p a r t i c l e s  o f  a p p r o p r i a t e  s i z e  w i t h  t h e  " n o r m a l "  
g a s  r e s i d e n c e  t i m e  o f  a b o u t  500 m s ,  t h e  h e a t - u p  t i m e  may n o t  b e  a 
l a r g e  f r a c t i o n  o f  t h e  t o t a l  p a r t i c l e  r e s i d e n c e  t i m e .  

I t  is l i k e l y  t h a t  e a c h  p r o c e s s  w i l l  h a v e  i t s  l i m i t s  s u c h  
t h a t  i n a d e q u a t e  h e a t  t r a n s f e r  c a u s e s  m a r k e d  c h a n g e s  i n  t h e  d i s -  
t r i b u t i o n  o f  t h e  p y r o l y s i s  p r o d u c t s .  H o w e v e r ,  w i t h i n  t h e s e  
. l i m i t s  ( w h i c h  may n o t  d i f f e r  v e r y  much f o r  d i f f e r e n t  r e a c t o r s  
c a p a b l e  o f  h i g h  h e a t  t r a n s f e r  r a t e s ) ,  t h e  p r o d u c t  d i s t r i b u t i o n  a t  
a g i v e n  g a s  r e s i d e n c e  t i m e  m i g h t  b e  e x p e c t e d  t o  be a f u n c t i o n  o f  
t h e  f i n a l  r e a c t i o n  t e m p e r a t u r e  o n l y ,  e s p e c i a l l y  i f  p a r t i c l e s  are 
smaller t h a n  a b o u t  1 mm a n d  are r e a s o n a b l y  d r y .  T h e  p r i n c i p a l  
c r i t e r i o n  f o r  t h i s  t o  be t r u e  i s  t h a t  t h e  h e a t - u p  t i m e  f o r  t h e  
pa r t i c l e  s h o u l d  be c o n s i d e r a b l y  less t h a n  t h e  t i m e  s p e n t  n e a r  
r e a c t i o n  t e m p e r a t u r e ,  p o s s i b l y  o n l y  20% of  t h e  t o t a l  p a r t i c l e  
r e a c t i o n  t ime. As a r e s u l t ,  t h e  k i n e t i c  r a te  o f  r e a c t i o n  w i l l  
p r o b a b l y  be t h e  r a t e  l i m i t i n g  p rocess .  An e q u i v a l e n t  c r i t e r i o n  
d u e  t o  L i d g n  (16)  w o u l d  b e  t o  r e q u i r e  t h a t  a p a r t i c l e  r e a c h  
d e c o m p o s i t i o n  t e m p e r a t u r e  e . g .  450'C b e f o r e  a n y  s i g n i f i c a n t  
w e i g h t  l o s s  i s  o b s e r v e d .  
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E x p e r i m e n t a l  

For t h i s  w o r k ,  t w o  c o m p l e t e l y  d i f f e r e n t  p y r o l y s i s  r e a c t o r s  
were u s e d ,  o p e r a t e d  by t w o  d i f l e r e n t  r e s e a r c h  g r o u p s .  The 
" u l t r a p y r o l y s i s "  e n t r a i n e d  f l o w  r e a c t o r  was d e v e l o p e d  hy w o r k e r s  
a t  t h e  U n i v e r s i t y  of Western O n t a r i o .  a n d  was r a p a b l p  o f  o p e r a -  
t i o n  to 1 0 0 0 ° C  w i t h  g a s  r e s i d e n c e  times of 50 m s  t o  900 m s  ( 1 0 ) .  
T h e  s e c o n d  r e a c t o r  was t h e  f l u i d i z e d  bed p y r o l y s i s  u n i t  dG!vclop,ed 
a t  t h e  U n i v e r s i t y  o f  W a t e r l o o  f o r  t h e r m a l  c o n v e r s i o n  of b i o m a s s  
t o  l i q u i d s  ( 2 0 ) .  I t  o p e r a t e d  u p  t o  7 5 0 ° C  w i t h  g a s  r e s i d e n c e  
times of 300 t o  1500 m s .  T y p i c a l  o p e r a t i n g  r a n g e s  f o r  t h e  two 
r e a c t o r s  a re  s u m m a r i z e d  i n  T a b l e  1. D e t a i l e d  d e s c r i p t i o n s  o f  t h e  
r e s p e c t i v e  a p p a r a t u s  a n d  p r o c e d u r e s  a re  g i v e n  i n  t h e  two a r t i c l e s  
c i t e d .  

T a b l e  I R a n g e  of E x p e r i m e n t a l  P a r a m e t e r s  

J 

i 

U l t r a p y r o l y s i s  F l u i d  Bed 

T e m p e r a t u r e ,  " C  7 0 0 - 1 0 0 0  4 0 0 - 7 5 0  

Reactor R e s i d e n c e  Time ( G a s ) ,  m s  50-900 300- 1500 

Maximum F e e d  Rate,  k g / h r  1 .o 3 - 0  

E s t i m a t e d  H e a t i n g  Rates ,  " C / s  IO' - i o 5  104-105  

P r e s s u r e .  a t m  abs.  1 .o 1 .o 

R e a c t i o n  A t m o s p h e r e  N2 N, or 
P r o d u c t  Gas 

I n  a l l  tes ts  r e p o r t e d  h e r e ,  o n l y  o n e  f e e d  ma te r i a l  w a s  u s e d ,  
A v i c e l  PH-102 m i c r o c r y s t a l l i n e  c e l l u l o s e .  B o t h  g r o u p s  o f  e x p e r i -  
menters u s e d  s a m p l e s  f r o m  t h e  same l o t ,  w h i c h  a t  t i m e  of u s e  h a d  
m o i s t u r e  c o n t e n t  f r o m  2 . 9 - 4 . 0 1 ,  w i t h  a s h  <0.1%, a n d  C 1 4 . 2 4 .  H 
6 .16 ,  0 4 9 . 6 .  P a r t i c l e  s i z e  r a n g e  was - 2 5 0  + 4 0  urn w i t h  a mean 
p a r t i c l e  d i a m e t e r  o f  100 u m .  

R e s u l t s  

T h e  p y r o l y s i s  e x p e r i m e n t s  i n  t h e  f l u i d  b e d  were a l l  c a r r i e d  
o u t  a t  g a s  r e s i d e n c e  t imes of 4 5 0 - 5 5 0  m s .  I n  t h i s  r a n g e ,  y i e l d s  
of l i q u i d ,  g a s  a n d  c h a r  show o n l y  a small v a r i a t i o n  w i t h  t ime.  
P y r o l y s i s  i n  t h e  t r a n s p o r t  r e a c t o r  o v e r  t h e  r e a c t i o n  t i m e  s p a n  of 
350-900 m s ,  showed t h a t  t h e  y i e l d s  o f  l i q u i d ,  c h a r  a n d  g a s  b e c a m e  
n e a r l y  i n d e p e n d e n t  o f  r e s i d e n c e  t i m e  i n  t h e  reactor .  A c c o r d i n g -  
l y ,  y i e l d s  f r o m  t h e  t r a n s p o r t  r eac to r  i n  t h i s  a s y m p t o t i c  range a t  
500 m s  were c o m p a r e d  t o  d a t a  f r o m  t h e  f l u i d i z e d  b e d  p y r o l y z e r .  
A l l  d a t a  were r e p o r t e d  as p e r c e n t  by w e i g h t  o f  t h e  m o i s t u r e  f r e e  
f e e d  o f  t o t a l  l i q u i d s  ( i n c l u d i n g  water o f  r e a c t i o n ) ,  g a s  a n d  
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c h a r .  Y i e l d s  were n o r m a l i z e d  t i . )  100% by c o r r e c t i n g  t h e  l i q u i d  
y i e l d .  I n  a l l  e x p e r i m e n t s ,  m a t e r i a l  b a l a n c e s  w e r e  g e n e r a l l y  +5% 
o r  b e t t e r ,  a n d  t h p  m a ~ o r  errors were r o n s i d e r e d  t o  r e s i d e  i n  
losses o f  t h t  m o s t  v o l a t i l e  l i q u i d s  d u r i n g  l i q u i d  r e c o v e r y .  a n d  
i n a c c u r a c i e s  i n  t h e  water b a l a n c e .  A l s o ,  m e t h a n o l  was n o r m a l l y  
u s e d  as t h e  s o l v e n t  f o r  r e c o v e r y  of t a r s  f r o m  l i n e s  a n d  c o n d e n -  
s e r s ,  w h i c h  m e a n s  t h a t  m e t h a n o l  y i e l d s  c o u l d  n o t  b e  d e t e r m i n e d .  

The r e s u l t s  o f  p y r o l y s i s  e x p e r i m e n t s  w i t h  A v i c e l  c e l l u l o s e  
a r e  shown i n  F i g u r e s  1-4 w i t h  a l l  d a t a  p r e s e n t e d  on  a d r y  f e e d  
b a s i s .  F i g u r e  1 s h o w s  t h a t  o v e r  t h e  t e m p e r a t u r e  r a n g e  o f  450'C- 
9 0 0 ° C  t h e  y i e l d s  o f  g a s ,  c h a r  a n d  l i q u i d s  f r o m  two d i f f e r e n t  
r e a c t o r s ,  o p e r a t e d  b y  two d i f f e r e n t  r e s e a r c h  g r o u p s ,  are  i n  v e r y  
c l o s e  a g r e e m e n t .  F i g u r e s  2 a n d  3 show t h e  v a r i a t i o n  i n  CO a n d  
CO, y i e l d s  w i t h  t e m p e r a t u r e  o v e r  t h e  same r a n g e .  A g a i n ,  a g r e e -  
m e n t  of  t h e  two sets o f  r e s u l t s  is v e r y  g o o d .  Y i e l d s  of h y d r o -  
c a r b o n  g a s e s  are shown i n  F i g u r e  4, a n d  t h e  g o o d  a g r e e m e n t  of 
d a t a  f r o m  t h e  t w o  reac tors  is a g a i n  e v i d e n t  f o r  b o t h  CHL y i e l d  
a n d  C,H, + C,H, y i e l d .  

L i q u i d  p r o d u c t s  f r o m  t h e  p y r o l y s i s  tests were o b t a i n e d  o v e r  
a t e m p e r a t u r e  r a n g e  o f  375°-700"C. T h e s e  l i q u i d s  were a n a l y z e d  
f o r  s p e c i f i c  c h e m i c a l  c o m p o n e n t s  u s i n g  m e t h o d s  d e s c r i b e d  clse- 
w h e r e  (18). R e s u l t s  f o r  n i n e  o f  t h e  more s i g n i f i c a n t  c o m p o n e n t s  
o b t a i n e d  i n  a water e x t r a c t  o f  t h e  t a r s  are  shown i n  F i g u r e s  5-8. 
A l l  of t h e s e  r e s u l t s  were o b t a i n e d  u s i n g  t h e  f l u i d  b e d  p y r o l y s i s  
s y s t e m  of t h e  U n i v e r s i t y  of Waterloo. I t  is  a p p a r e n t  t h a t  a t  a 
c o n s t a n t  r e a c t i o n  t i m e ,  w e l l  d e f i n e d  a n d  f a i r l y  n a r r o w  opt imal  
t e m p e r a t u r e  r a n g e s  e x i s t  c o r r e s p o n d i n g  t o  t h e  maximum y i e l d s  f o r  
e a c h  c o m p o n e n t .  

D i s c u s s i o n  

I n  o r d e r  t o  d e t e r m i n e  i f  t h e  c r i t e r i o n  o f  t h e  r a t i o  o f  h e a t -  
up time t o  rime a t  r e a c t i o n  t e m p e r a t u r e  is ~1.0, i t  is  n e c e s s a r y  
t o  estimate h e a t  t r a n s f e r  rates i n  t h e  reactors  a n d  f o r  t h e  
p a r t i c l e s  u s e d .  I f  t h e  i d e a s  of K o t h a r i  a n d  A n t a 1  (13)  a r e  
a c c e p t e d ,  t h e  time r e q u i r e d  f o r  t h e  c e n t r e  o f  a p a r t i c l e  t o  
a p p r o a c h  500°C w o u l d  r e p r e s e n t  t h e  h e a t - u p  t i m e .  L e d e  ( 1 5 )  comes 
t o  s imilar  c o n c l u s i o n s  f o r  p y r o l y s i s  a t  h i g h  h e a t  f l u x e s ,  b u t  
sets t h e  d e c o m p o s i t i o n  t e m p e r a t u r e  a t  466OC fo r  wood.  T h e  most 
e x t r e m e  c a s e ,  t h a t  i s ,  t h e  l o n g e s t  h e a t - u p  t i m e  i n  t h e  p r e s e n t  
work,  w o u l d  b e  f o r  t h e  l a r g e s t  p a r t i c l e s  a t  t h e  lowest reactor 
t e m p e r a t u r e s .  T h e  c e n t e r  p o i n t  t e m p e r a t u r e  was c a l c u l a t e d  f o r  
600 a n d  100 U m  p a r t i c l e s  f o r  t h e  h e a t i n g  c o n d i t i o n s  o f  a 
f l u i d i z e d  b e d  (16), f o r  a r e a c t o r  t e m p e r a t u r e  o f  500'C w i t h  f e e d  
a t  20'C. T h e  time r e q u i r e d  f o r  t h e  p a r t i c l e  m i d - p o i n t  
t e m p e r a t u r e  t o  r e a c h  45OoC was f o u n d  t o  b e  618 m s  for t h e  600 U m  
p a r t i c l e  a n d  62 m s  f o r  t h e  100 Urn  p a r t i c l e .  I n a s m u c h  a s  t h e  
s o l i d  p a r t i c l e  r e s i d e n c e  times f o r  t h e  l a r g e r  p a r t i c l e s  were f r o m  
2 t o  6 s e c o n d s  i n  t h e  f l u i d i z e d  b e d ,  a n d  for smaller  p a r t i c l e s  i n  
t h e  t r a n s p o r t  r eac to r  were a t  l eas t  500 m s ,  t h e  c r i t e r i o n  of 
r a t i o  of h e a t - u p  t i m e / a v a i l a b l e  r e a c t i o n  time <<l  i s  w e l l  s a t i s -  
f i e d  f o r  a l l  t h e  work r e p o r t e d  h e r e .  
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A n o t h e r  a p p r o a c h  w a 5  t a k e n  by LidtSn (16) t o  e s t i m a t e  the. 
i m p o r t a n c e  of t h e  h e a t - u p  p e r i o d .  On t h e  basis of l o w  t e m p e r a -  
t u r e  p y r o l y s i s  r e s u l t s  r e p o r t e d  i n  t h c  l i t c i r a t u r e .  a n d  t h c  re- 
s u l t s  o b t a i n e d  i n  o u r  l a b o r a t o r y ,  i t  w a s  a s s u m e d  t h a t  i i  t h e  
p a r t i r l r  t e m p e r a t u r e  r e a c h e d  at l e a s t  -150°C b e f o r e  more t h a n  10% 
O f  t h c .  wood d e c o m p o s e d  ( a s  m e a s u r e d  by  a r a t v - o f - w e i g h t  loss 
k i n c t i c  e x p r r b s s i o n )  t h e n  excessive rliar p r o d u c t i o n  u-oulcl bt. 
u v o i a e d ,  a n d  t h e  c o n d i t i o n  f o r  h i g h  t a r  y i e l d s  w o u l d  b e  m e t ,  
s i n c e  t a r  d e c o m p o s i t i o n  w o u l d  b e  m i n i m i z e d  by t h e  r a p i d  v o l a t i l i -  
z a t i o n  a n d  r e m o v a l  of t a r  c o m p o n e n t s .  Assuming  P f i r s t  order  
w e i g h t  loss  e x p r e s s i o n ,  t h i s  h e a t - u p  t i m e  c r i t e r i o n  c a n  hr ex- 
p r e s s e d  a s  

(1) 

w h e r e  t ,  i s  t h e  t i m e  r e q u i r e d  f o r  t h e  p u r t i c l e  c e n t r e  t o  r e a c h  
450°C arid T ( t )  a re  t h e  s e t  o f  f u n c t i o n s  d e s c r i b i n g  t h e  p a r t i c l e  
c en t r e  t e m p e r a t u r e  a s  a f u n c t i o n  of time a f t e r  i n t r o d u c t i o n  of 
f e e d  i n t o  t h e  r eac to r .  T h e  v a l u e  of t h e  f i r s t  o r d e r  r a te  c o n -  
s t a n t ,  k ,  u s e d  s h o u l d  b e  o n e  w h i c h  i s  a p p l i c a b l e  f o r  t h e  r a t e  of 
w e i g h t  l o s s  of t h e  b i o m a s s  s p e c i e s  u s e d .  For  t h e  p u r p o s e s  o f  
e v a l u a t i n g  t h e  a b o v e  c r i t e r i o n ,  t h e  k i n e t i c  p a r a m e t e r s  f o r  t h e  
r a t e  e x p r e s s i o n  d e s c r i b i n g  t h e  t o t a l  d e c o m p o s i t i o n  of wood as  
g i v e n  by T h u r n e r  a n d  Mann ( 2 3 )  were u s e d ,  t h a t  i s  

k = 2.468 ( I O 6 )  exp - 106.5/RT s-’ ( 2  1 

w h e r e  t h e  a c t i v a t i o n  e n e r g y  i s  g i v e n  i n  k J / m o l e .  

N u m e r i c a l  i n t e g r a t i o n  o f  t h e  r i g h t  h a n d  s i d e  o f  e q u a t i . o n  ( 1 )  
for hardwood  p a r t i c l e s  i n  a f l u i d i z e d  b e d  r eac to r  a t  5 0 0 ° C  s h o w s  
t h a t  f o r  a l l  p a r t i c l e  s i z e s  less t h a n  2 mm d i a m e t e r  t h e  c r i t e r i o n  
w i l l  b e  s a t i s f i e d .  I t  f o l l o w s  t h a t  f o r  a l l  t h e  d a t a  p r e s e n t e d  
h e r e  f o r  t h e  t w o  reac tors ,  t h e  p a r t i c l e s  were h e a t e d  t h r o u g h o u t  
t o  a t  l e a s t  4 5 0 ° C ,  e v e n  a t  t h e  lowest r e a c t i o n  t e m p e r a t u r e s ,  
b e f o r e  a n y  a p p r e c i a b l e  w e i g h t  l o s s  o c c u r r e d  f r o m  t h e m .  U n d e r  
t h e s e  c o n d i t i o n s ,  t h e n ,  t h e  p r o d u c t  d i s t r i b u t i o n  f r o m  e i t h e r  
reactor f o r  t h e  same g a s  r e s i d e n c e  times c o u l d  b e  e x p e c t e d  t o  h e  
a f u n c t i o n  o f  r e a c t o r  t e m p e r a t u r e  o n l y ,  e v e n  t h o u g h  b i o m a s s  
s o l i d s  were w e l l  m i x e d  i n  one r e a c t o r ,  a n d  i n  p l u g  f l o w  i n  t h e  
o t h e r .  

R e c e n t l y ,  L i d g n  (16) a n d  D i e b o l d  ( 8 )  u s i n g  d i f f e r e n t  r e a c -  
t o r  c o n f i g u r a t i o n s  h a v e  p r e s e n t e d  v e r y  s imilar  k i n e t i c  m o d e l s  f o r  
t h e  s e c o n d a r y  d e c o m p o s i t i o n  o f  p r i m a r y  p y r o l y s i s  t a r s  f r o m  bio- 
mass. The k i n e t i c  s t e p s  f o r  w h i c h  ra te  c o n s t a n t s  were e v a l u a t e d  
a r e  p r o p o s e d  t o  be p a r a l l e l  i n i t i a l  f i r s t  o r d e r  d e c o m p o s i t i o n s ,  
o n e  y i e l d i n g  v o l a t i l e  l i q u i d s ,  w h i l e  t h e  o t h e r  y i e l d s  c h a r  a n d  
g a s ,  w i t h  r e s p e c t i v e  r a t e  c o n s t a n t s  k l  a n d  k,. T h e  r a t i o  o f  
kl/ k 2  i n  b o t h  m o d e l s  was a s s u m e d  t o  be a c o n s t a n t  w i t h  r e s p e c t  t o  
t e m p e r a t u r e  a n d  t o  r e p r e s e n t  a t h e o r e t i c a l  maximum ( u l t i m a t e )  
l i q u i d  ( o r  t a r )  y i e l d .  The  v o l a t i l e  o r g a n i c s  were t h e n  a s s u m e d  
t o  d e c o m p o s e  by a n o t h e r  f i r s t  o r d e r  p r o c e s s  t o  lower molecular  
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w e i g h t  p r o d u c t s ,  b e c a u s e  e x p e r i m e n t a l  r r s u l t s  f o r  s h o r t  t i m e  
p y r o l y s i s  s u g g e s t  t h a r  l i t t l e  s e c o n d a r y  c h a r  is  f o r m e d  i n  t h i s  
s tep.  (see Figure 1 ) .  E x p e r i m e n t a l  r e s u l t s  a l s o  s u g g e s t  t h a t  t h e  
p r i m a r y  d e c o m p o s i t i o n  step is  l a r g e l y  c c m p l e t e d  be fo re  s i g n i f i -  
c a n t  loss o f  t a r  y i e l d  o c c u r s ,  as e v i d e n c e d  by a n e a r l y  minimum 
c h a r  y i e l d  a t  t h e  maximum l i q u i d  y i e l d ,  a s  w e l l  as low g a s  y i e l d s  
a t  t h i s  p o i n t .  As t a r  y i e l d  d e c r e a s e s  d u e  t o  s e c o n d a r y  decompo-  
s i t i o n  r e a c t i o n s .  gas y i e l d  i n c r e a s e s  p r o p o r t i o n a l l y .  I t  b e c o m e s  
p o s s i b l e ,  t h e n ,  t o  n e g l e c t  t h e  r a t e  o f  the  t a r  f o r m i n g  s t e p  a n d  
t o  e x p r e s s  t h e  c h a n g e  of t a r  y i e l d  d u e  t o  s e c o n d a r y  r e a c t i o n s  by 
a s i m p l i f i e d  k i n e t i c  e x p r e s s i o n ,  g i v e n  b y  b o t h  Lide 'n  (16) a n d  
D i e b o l d  ( 8 )  as 

w h e r e  x i s  t h e  f r a c t i o n a l  t a r  y i e l d ,  x o  i s  t h e  t h e o r e t i c a l  
" u l t i m a t e "  t a r  y i e l d ,  k i s  t h e  f i r s t  o r d e r  ' c o n s t a n t  f o r  t h e  t a r  
d e c o m p o s i t i o n  s t e p  a n d  0 i s  t h e  r e a c t i o n  time f o r  t h e  v a p o r  
p h a s e .  T h e  v a l u e s  u s e d  P o r  t h e  r e a c t i o n  parameters f o r  t a r  
d e c o m p o s i t i o n  were 

L i d 6 n  k3 = 3.1 x 10' e x p  ( - 1 0 7 5 0 0 / R T )  s 1  x o  = 0 . 7 0 3  

D i e b o l d  k, = 1.551 x lo5 e x p  ( - 8 7 6 3 4 / R T )  s 1  x = 0 . 7 8  or 0.76 

L i d e n ' s  p a r a m e t e r s  are b a s e d  o n  e x p e r i m e n t a l  d a t a  f r o m  hardwood 
( p o p l a r )  p y r o l y s i s  i n  a f l u i d i z e d  b e d ,  w h i l e  D i e b o l d ' s  v a l u e s  a r e  
o b t a i n e d  from m e a s u r e m e n t s  o f  t h e  a b l a t i v e  p y r o l y s i s  o f  s o f t w o o d  
f o l l o w e d  b y  t h e r m a l  c r a c k i n g  o f  t h e  p y r o l y s i s  v a p o r s .  

E q u a t i o n  ( 3 )  w a s  a p p l i e d  t o  t h e  r e s u l t s  f r o m  t h e  p y r o l y s i s  
o f  A v i c e l  c e l l u l o s e  w i t h  p r e d i c t i o n  as  s h o w n  i n  F i g u r e  9. I n  
a p p l y i n g  e q u a t i o n  ( 3 )  t o  t h e s e  r e s u l t s ,  t h e  u l i m a t e  y i e l d .  x o ,  
was a s s u n e d  t o  be iOOp6, a l t h o u g h  t h e  low t e m p e r a t u r e  r e s u l t s  
s u g g e s t  a v a l u e  s l i g h t l y  less t h a n  t h i s  m i g h t  b e  more a p p r o p r i -  
a t e .  S i m i l a r l y ,  t h e  y i e l d  o f  water was n e g l e c t e d ,  a l t h o u g h  i t  
r a n g e s  f rom 2%-5b.  The  p r e d i c t e d  t a r  y i e l d s  as s h o w n  i n  F i g u r e  9 
are i n  r e m a r k a b l y  g o o d  a g r e e m e n t  w i t h  e x p e r i m e n t ,  c o n s i d e r i n g  t h e  
a s s u m p t i o n s  o f  t h e  m o d e l ,  a n d  t h e  f a c t  t h a t  p a r a m e t e r s  d e r i v e d  
from wood p y r o l y s i s  a re  b e i n g  u s e d  t o  p r e d i c t  y i e l d s  f r o m  t h e  
p y r o l y s i s  o f  a m i c r o c r y s t a l l i n e  c e l l u l o s e .  F u r t h e r ,  n o  e f f o r t  
w a s  made t o  o p t i m i z e  v a l u e s  o f  t h e  p a r a m e t e r s  w i t h  t h e  e x p e r i m e n -  
t a l  d a t a ,  b u t  o n l y  t o  u s e  t h e  v a l u e s  o f  L i d e n  or D i e b o l d .  

I n  s u m m a r y ,  e q u a t i o n  ( 3 )  a p p e a r s  t o  g i v e  a r e a s o n a b l e  des- 
c r i p t i o n  o f  t h e  c o m p l e x  c r a c k i n g  r e a c t i o n s  i n  w h i c h  b i o m a s s  
p y r o l y s i s  t a r s  a r e  c o n v e r t e d  t o  g a s e o u s  p r o d u c t s ,  a t  l e a s t  o v e r  
t h e  t e m p e r a t u r e  r a n g e  o f  a b o u t  50O0-9OO0C, a n d  f o r  s h o r t  v a p o r  
p h a s e  r e a c t i o n  t i m e s .  

T h e  y i e l d s  o f  i n d i v i d u a l  c o m p o n e n t s  shown i n  F i g u r e s  5-8 
s u g g e s t  s t r o n g l y  t h a t  a series o f  s e q u e n t i a l  d e c o m p o s i t i o n  s t e p s  
i s  o c c u r r i n g .  H o w e v e r ,  it i s  n o t  c l e a r  f r o m  these results w h a t  
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the precursor for any particular compound may be, or what system 
of parallel o r  sequential reactions can satisfactorily explain 
the nature of the variation of yield with temperature. More 
extensive analyses of these data are now underway. 
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The thermal decomposition of wood in to  charcoal and tar i s  an old process. 
O n e  example of the existing technology for  wood carbonization i s  the 
Lambiotte process. T h e  ATOCHEM plant located i n  Premery. France, i s  based 
on the pr inciple of external gas c i rculat ion and i s  a completely continuous 
process (1). The heating gas moves upward i n  the retor t  and constantly 
releases i t s  heat i n to  the wood, which i s  moving downward. The annual wood 
charcoal production of th is  plant i s  nowadays 20 OOO t. The charcoal finds 
i t s  use i n  the barbecue and the i ron industries. Another example i s  the 
Brazilian beehive k i l n  for charcoal production i n  a batch mode.  I n  Brazil, 
charcoal i s  mainly sold to the iron, the cement and the barbecue industries. 
I n  1986, the to ta l  annual production of wood charcoal i n  Brazi l  was 
7.5 x 106 t (2) 

The recovery of by-products i s  important for  the economy of both processes. 
The French recover high-value chemicals such as food aromas from the 
pyroligneous liquors (3). The Brazilians market the wood tar by-product as 
a bunker fuel o i l  (4). However, further studies are s t i l l  needed and are 
baing conducted by the industry i n  order to make a greater and a better use 
of the tar and o i l  fraction. 

Laboratory (5) and Process Development Unit (6,7) studies or ig inal ly 
conducted a t  the Universiti! de Sherbrooke, and now conducted j o in t l y  with 
the private industry a t  the Universit6 Laval. have led to the conclusion 
that thermal decomposition under reduced pressure i s  an at t ract ive approach 
for the conversion of biomass in to  chemical and fuel  products. T h i s  
approach i s  characterized by l o w  pressure and short residence time of the 
vapor products i n  the reactor. When compared with conventional, atmospheric 
pressure Carbonization, vacuum pyrolysis has the potential to s igni f icant ly 
enhance the yields of organic l iqu id  products w i t h  respect to so l id  and 
gaseous products. The pyrolyt ic o i l s  obtained from th is  process can be 
deoxygenated in to transportation fuels ( 8 )  and sugars (9) upon further 
upgrading. Specialty as well as rare chemicals can also be extracted from 
the o i l  product (10). 
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This paper discusses the preliminary engineering data leading to the 
construction of a vacuum pyrolysis p i l o t  blant fo r  the conversion of wood 
into oi ls,  chemicals and charcoal. 

EXPERIMENTK 

A shematic of the Process Development Unit (P.D.U.) used i n  th is  study i s  
shown on Figure 1. The reactor i s  a multiple-hearth furnace 2 m high and 
0.7  m diameter. with s ix hearths. Heat transfer i s  provided through heating 
elements. 

A t  the onset of an experiment wood chips are poured batchwise i n  a hopper 
that s i t s  on top o f  the reactor. The hopper i s  equipped w i t h  a feeding 
device and i s  hermetically sealed. For the experiments reported. 6 to 16 kg 
of wood chips with a granulometry 1/4" to 1/2" Tyler Sieves were fed a t  a 
constant rate of 0.8 t o  4 kg h-1. 

A mechanical vacuum pump removed the organic vapor and gas products f r o m  the 
reactor through a series of outlet manifolds set along the reactor cylinder. 
Each outlet was connected t o  a heat exchanger where the vapors were 
condensed and recovered as l iqu id  in to  individual glass receivers. Cold tap 
water circulating on the shel l  side o f  the exchangers was used as Cooling 
medium. The vapors from the heat exchange units were collected i n  a t ra in  
o f  receivers that served as a secondary condensing unit.  The f irst receiver 
was immersed i n  a bath of a water-ethylene glycol mixture. Receivers 2 and 
3 were immersed i n  baths of dry ice-acetone. Receiver 4 was f i l l e d  with 
glass wool a t  room temperature. 

Pressure i n  the system was lower than 80 mm Hg (absolute) under steady-state 
conditions. The nomndensable gas was continuously pumped in to  a 500 L 
vessel that was set under vacuum a t  the beginning of the run. 

The sol id residue was directed toward the bottom of the reactor. The 
residual charcoal was received i n  a metall ic ja r  instal led on a load ce l l .  

A t  time zero of the run, wood chips were fed i n  the preheated reactor. The 
heating plate temperatures increased f rom top to bottom of the reactor. A 
typical temperature pro f i le  was 200 OC to 450 OC. The radial temperature 
gradient for  any heating plate was lower than 5 OC during any single run. 

The P.D.U. was attached to a central microprocessor that permitted 
simultaneous data acquisition and control of some 75 operating parameters 
(64 are recorded and 11 are controlled). A i r  leakage through the system was 
lower than 1.3 X 10-3 atm L s-1. 

The experiments conckrcted on the P.D.U. were performed with Populus 
deltoides. The 8-year-old fast-growing poplar clone D-38 was planted i n  
Brockville, Ontario. The sample was essentially a l l  sapwood with no bark. 
I t  was shipped to our laboratories i n  the form of chips by Forintek Canada 
Carp., Ottawa. I t s  elemental composition was determined to  be 48-2% C .  6.44 
H, 45.3% 0, 0.09% N. and 0.0- S. I t s  gross heating value was 4660 kcal kg- 
1 with and average ash content of 0.6%. Moisture of the a1r-dI-y feedstock 
was determined to be 5.9%. 

RESULTS WD DISCUSSION 

Yields and mass balance 

Results for the operation o f  the multiple-hearth furnace a t  varying f ina l  
therm1 decomposition temperature and reactor pressure are presented i n  
Table 1 of the paper. O i l ,  pyrolyt ic water, charcoal and gas yields are 
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presented along with the mass balance calculation for each run. Table 1 
indicates that the largest amount of oil is obtained at the lowest pressure 
and the higher temperature conditions. The oil yield in particular drops 
sharply with even a slight increase in pressure. Table 1 also indicates 
that a reactor temperature in the range of 425 - 450 OC is optimum to get 
the maximum yield of oil from wood. Table 2 summarizes the data Obtained 
for the gas phase composition for the different runs. 

gep&r.atl.on of water from the organic liquid phase 

One objective of the vacuum pyrolysis process is to produce large quantities 
of liquid fuels and chemicals from wood. However during the process the 
liquid organic product is mixed with water (moisture and pyrolytic water). 
Since extraction of chemicals or further processing of pyrolytic oils mixed 
with water is difficult and expensive, it is highly desirable to separate 
the bulk of the aqueous phase from the organic liquid phase. 

The separation of water and the organics was achived during this study by 
using a series of shell and tube heat exchangers with cool to warm water 
circulating in the shell section. This series of heat exchangers served as 
a primary condensing stage for the recovery of the liquid organic fraction. 
Water was primarily recovered in the series of traps that followed (see 
Figure 1). The relative proportion of water and oil in both condensing 
sections is shown in Table 3 of the paper. Table 3 indicates that the lower 
the pressure, the better the separation between oil and water (see runs C019 
and C025). On the other hand at similar operating pressure, the lower the 
cooling temperature, the more efficient the recovery of oil in the primary 
condensing section (see runs C023 and C025). 

Oil refining 

Further fractionation of the wood oil product is necessary if the objective 
is to either recover pure chemical compounds, or upgrade or process specific 
chemical group composents. Results which are reported by Renaud e- (8) 
and Pakdel eta (10) show that the multiple-hearth reactor can be operated 
in a mode that ewbles the separation and recovery of selected fractions of 
liquid fuels and chemicals. 

Heat requirement for the pyrolysis reaction 

Another engineering parameter to be considered when designing a full scale 
pyrolysis plant is the amount of energy required for the pyrolysis of each 
mass unit of wood fed to the reactor. Such value has been empirically 
determined using the P.D.U. described in this paper, and the detailed 
procedure has been published elsewhere (11). The determination was based on 
the difference of electric energy consumed before of after wood was fed to 
the reactor (heat loss to the atmosphere). and that of the electric energy 
required for maintaining the multiple-hearth furnace at predetermined set- 
point temperature with wood chips flowing through the reactor. It was 
concluded that the heat required for vacuum pyrolysis of  aspen wood is about 
134 kcal kg-1 of anhydrous wood. Overall, the reaction is slightly 
endothermic - 
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The amount of heat removed when c o o l i n g  the o r g a n i c  vapor  p r o d u c t s  a t  t h e  
pr imary  condens ing  s t a g e  w a s  also e x p e r i m e n t a l l y  de te rmined  (see F i g u r e  1). 
The h e a t  exchange (&) between t h e  c o o l i n g  medium (water) and  the ho t  vapor  
P r o d u c t s  was calculated u s i n g  t h e  Equat ion  1. 

Equat ion  1) & = mCp ( T w . i n  - T u . o u t )  

where m ' i s  t h e  w a t e r  f l o w r a t e ,  Cp is the h e a t  c a p a c i t y  for water a n d  T n . i n  
and T,.,,t is the water  tempera ture  a t  the i n l e t  and the outlet of t h e  heat 
exchanger ,  r e s p e c t i v e l y .  A f t e r  t a k i n g  i n t o  account  the h e a t  loss t o  t h e  
atmosphere,  t h e  overall heat exchanged w h i l e  c o o l i n g  t h e  gas and vapor  
p r o d u c t  to  50 OC was found to  be 112 k c a l  kg-1 of  a i r - d r y  w o o d .  

The exper imenta l  se t -up  s i m u l t a n e o u s l y  enabled t h e  c a l c u l a t i o n  of t h e  
overall h e a t - t r a n s f e r  c o e f f i c i e n t  U f o r  t h e  h e a t  exchangers ;  T h e  data were 
plugged i n  Equat ion  2. 

Equat ion 2 )  & = UA (AT) 

where A is t h e  t r a n s f e r  area and ( T )  is the t e m p e r a t u r e  d r i v i n g  f o r c e .  The 
c a l c u l a t i o n s  led to the c o n c l u s i o n  t h a t  U v a l u e s  v a r y  between 7 and 13 k c a l  
h-1 m-2 OC-1 a c c o r d i n g  to the p o s i t i o n  of the h e a t  exchanger  attached t o  t h e  
mul t ip le -hear th  f u r n a c e  (11). 

Determination of.. S L c G e f i  heat__of-ction 

The equipment used  enabled u s  t o  determine the s t a n d a r d  heat of  r e a c t i o n  f o r  
p y r o l y s i s  of a i r - d r y  wood c h i p s .  For m a t t e r  of convenience  the standard 
state f o r  wood considered as "a p u r e  subs tance ' '  was 323 K (50 OC) and 12 mm 
Hg. The standard h e a t  of reaction was c a l c u l a t e d  u s i n g  the Equat ion  3. 

Equat ion 3) AH0 323 = A H o t  - A W r  - AHop 

w h e r e  A H O r  is the total e n t h a l p y  change f o r  t h e  r e a c t a n t s  from 
t e m p e r a t u r e  T to  323 K. 

A H O p  is t h e  total  e n t h a l p y  change f o r  the p r o d u c t s  from 323 K to 
t e m p e r a t u r e  T 

A H O t  is t h e  e n t h a l p y  change f o r  the  t h r e e - s t e p  p r o c e s s  i n c l u d i n g  
the e n t h a l p y  change during the i s o t h e r m a l  r e a c t i o n  a t  323 K .  

F i g u r e  2 i l l u s t r a t e s  how e a c h  t e r m  i n  Equat ion  3 was e m p i r i c a l l y  determined 
during r u n  12023. A W ,  and A H O p  i n  Equat ion  3 were calculated u s i n g  a n  
a v e r a g e  heat c a p a c i t y  of  0.5 cal 9-1 OC-1 for wood and 0.246 cal 9-1 oC-1 
for wood c h a r c o a l .  The v a l u e  f o r A H 0 3 2 3  i n  Equat ion  3 was found to  be 22 
k c a l  kg-1. which c o n f i r m s  that the r e a c t i o n  is s l i g h t l y  endothermic.  
Although t h i s  v a l u e  has l i m i t i n g  practical u s e .  it should be viewed as a n  
attempt to  improve our theoritical knowledge of thermodynamics of  wood 
p y r o l y s i s -  

C a l c u l a t i o n  of thermal  e f f i c i e n c y  of the reactor system 

TM thermal  e f f i c i e n c y  of t h e  sys tem def ined  as the ratio of u s e f u l  energy  
provided  by . t h e  vacuum p y r o l y s i s  reactor, to  the energy  s u p p l i e d  to  it 
d u r i n g  a s p e c i f i c  period of  o p e r a t i o n s ,  has been  determined f o r  the same 
exper iment  CO23. The calorific v a l u e s  of the end-products  r e p r e s e n t e d  t h e  
f o l l o w i n g  p e r c e n t a g e s  of  t h e  heating v a l u e  of the i n i t i a l  f e e d s t o c k :  wood 
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charcoal 36%. wood o i l  41% and gas, 5%. Using these data together with 
values from Figure 2 enabled us to  determine that the thermal efficiency was 
82%. For th is calculation the mechanical pump electr ic energy requirement 
was not considered and the reactor was assumed to be perfectly insulated. 

Heattransfer phenomana i n  the reactor 

I n  the pyrolysis reactor, heat can be transferred by conduction. by 
radiation and by convection. Heat transfer by convection i s  negligible due 
to the l o w  pressure conditions i n  the reactor. Both conduction and 
radiation play a signif icant role during pyrolysis and the la t te r  factor i s  
increasingly important a t  higher temperature levels (12). 

The overall heat-transfer coeff icient was estimated using the general 
relat ion €I= uc\ (AT). For the multiple-hearth furnace used, the actual heat 
transfer area used was estimated to  be approximately 30% of the total  
available surface (6 heating plates), since the wood chips moving bed didn’t 
cover the entire section. The transfer area was estimated to be 0.4 m2 
The t%mperature driving force was calculated to be 62 OC (logarithnic mean). 
with 25 OC and 437 OC f o r  the temperature of incoming raw material and the 
exit ing charcoal. respectively. and 200 OC and 450 OC for  the tenperature of 
the top and the bottom heating plate, respectively. With Q,, equal to 150 
kcal kg-1 (air-dry wood). the overall heat-transfer coefficient was found to 
be equal t o  22 kcal h-1 m-2 OC-1. 

CONCLUSION 

A multiple-hearth reactor has been successfully tested f o r  the production of 
high yields of l iqu id  fuels and chemicals. The reactor enabled the 
separation and recovery of water  on the one hand and o i l  fractions or the 
other hand. O i l  yields reached about 33% by weight of the a i r d r y  
feedstock. 

Heat required for the pyrolysis of wood i s  s l igh t ly  endothermic and was 
determined to be 134 kcal kg-1 (on an anhydrous basis). The standard heat 
of reaction a t  323 K and 12 mm Hg was found to be approximately 22 kcal k g l  
of air-dry wood. The thermal efficiency of the process i s  high, i n  tha 
range of 82%. The overall heat transfer coefficient i n  the reactor 1s about 
22 kcal h-1 m-2 OC-1 which i s  i n  range with the existing ConmnWCial 
multiple-hearth furnaces. Preliminary theorit ical calculations indicate 
that a signif icant reduction of the heat surface area of the reactor can be 
achieved by operating the reactor a t  a higher tamperature zone i n  order to 
enhance the radiative effect. 
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ABSTRACT 

A vor t ex  tube  has  c e r t a i n  advantages  as a chemical r eac to r ,  e s p e c i a l l y  i f  the  
r e a c t i o n s  a r e  endothermic,  t h e  r e a c t i o n  pathways a r e  tempera ture  dependent ,  and t h e  
products  are tempera ture  s e n s i t i v e .  With low temperature d i f f e r e n c e s ,  t h e  vo r t ex  
r e a c t o r  can t r ansmi t  enormous h e a t  f l u x e s  t o  a process  s t ream con ta in ing  e n t r a i n e d  
s o l i d s .  h i s  r e a c t o r  has  n e a r l y  plug flow and is i d e a l l y  s u i t e d  f o r  t h e  product ion  
of p y r o l y s i s  o i l s  from biomass a t  low p r e s s u r e s  and r e s idence  times t o  produce about  
10 w t  % char ,  13% water,  7% g a s ,  and 70% oxygenated primary o i l  vapors  based on mass 
balances.  'Ihis product d i s t r i b u t i o n  was v e r i f i e d  by carbon,  hydrogen, and oxyRen 
elemental balances.  The o i l  p roduct ion  appears  t o  form by fragmenting a l l  of t he  
major c o n s t i t u e n t s  o f  t h e  hiomasn. 

INTRODUCTION 

The p y r o l y s i s  of biomass fo l lows  a complex se t  of d i f f e r e n t  chemical pathways, which 
have thus  f a r  no t  been w e l l  e s t ab l i shed .  However, s e v e r a l  g l o b a l  pathways have  been 
e s t ab l i shed .  which exp la in  most of t h e  observed phenomena. As shown i n  F igu re  1. 
t h e  f i r s t  r eac t ion  in f a s t  p y r o l y s i s  of biomass is t h e  depolymer iza t ion  of t h e  
l i g n o c e l l u l o s e  macropolymers t o  form v i scous  primary o i l  p recursors .  These 
p recu r so r s  a r e  formed w i t h  almost no by-products, and consequent ly  t h e i r  e l emen ta l  
composition i s  very  similar t o  t h e  o r i g i n a l  biomass. With low h e a t i n g  rates, much 
of t h e  primary o i l  p recu r so r s  c a n  repolymer ize  t o  the rma l ly  s t a b l e  polymers th rough  
t h e  e l imina t ion  of mostly water t o  even tua l ly  form t h e  m a t e r i a l  known as char. 
Phys ica l  evidence f o r  a l i q u i d  or  p l a s t i c  phase in t e rmed ia t e  i n  t h e  fo rma t ion  o f  
char  is t h e  phys ica l  shr inkage  of t h e  macrodimensions of wod .  which t akes  p l ace  
dur ing  cha r r ing  (1) i n  a manner analogous t o  hea t  sh r inkab le  polye thylene  tub ing .  
If t h e  hea t ing  of t h e  biomass proceeds very  quick ly  t o  tempera tures  above 450OC. 
most of t h e  primary o i l  p r e c u r s o r s  can  c r a c k  and vapor i ze  b e f o r e  t h e y  form char.  In 
t h e  vapor state. t h e  primary o i l  molecules are q u i t e  d i l u t e ,  which slows p o s s i b l e  
second-order po lymer iza t ion  r eac t ions .  This d i l u t i o n  allows any u n s t a b l e  pr imary  
o i l  vapors  t o  be conver ted  by f i r s t - o r d e r  r e a c t i o n s  t o  more s t a b l e  compounds, which 
can be co l l ec t ed  from a r e a c t o r  des igned  t o  have a s h o r t  gaseous  r e s idence  t i m e  
followed by rap id  quenching. h e r m a l  s t a b i l i t y  is r e l a t i v e ,  however, and these  
s t a b i l i z e d  primary o i l  vapors  r e a d i l y  c rack  t o  gases  fo l lowing  a g l o b a l  f i r s t - o r d e r  
r e a c t i o n  (2) .  h e  cracking  of t h e  primary o i l  vapors  proceeds w i t h  a 10% l o s s  in 
36 m s  a t  7OO0C and ex t r apo la t ed  10% l o s s e s  i n  6 m s  a t  9OO0C and 591 m s  a t  500°C. 

Obviously,  t h e  lower t h e  tempera ture  of t h e  primary vapors i n  t h e  r e a c t o r ,  t h e  
g r e a t e r  t h e  y i e ld  of primary vapor s  which can  s u r v i v e  pas s ing  th rough  t h e  r e a c t o r  t o  
t h e  quench zone. Hinimizing t h e  t i m e  r equ i r ed  t o  t r a v e l  from t h e  vapor format ion  
zone in t h e  r e a c t o r  t o  a lower tempera ture  quench zone a l s o  h e l p s  t o  maximize t h e  
primary oil vapor y i e l d s .  The i d e a l  r e a c t o r  would t h u s  provide  l a r g e  h e a t  f l u x e s  
p r e f e r e n t i a l l y  t o  t h e  pyro lyz ing  biomass p a r t i c l e .  wh i l e  n o t  ove rhea t ing  t h e  s u r f a c e  
of  t h e  p a r t i c l e  t o  cause  c rack ing  of t h e  primary vapors t o  gases  a s  t he  vapors  
escape  the  su r face  of t h e  p a r t i c l e .  h e  i d e a l  r e a c t o r  would a l l o w  t h e  vapor s  t o  b e  
immediately swept away by a c o l d e r  carrier g a s  s t ream out  of t h e  r e a c t o r  t o  a cold 
quench zone i n  o r d e r  t o  p re se rve  as much of t h e  vapors  as poss ib le .  h e  r e s i d e n c e  
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t i m e  of t h e  biomass p a r t i c l e s  i n  t h e  i d e a l  r e a c t o r  must be long enowh  t o  ensure 
complete p y r o l y s i s ,  bu t  t h e  accumulat ion of dead cha r  i n  t h e  r e a c t o r  is 
undes i r ab le .  It would a l s o  be  advantageous i f  t h e  r e a c t o r  could s e l e c t i v e l y  remove 
dead char  and r e c y c l e  p a r t i a l l y  pyrolyzed p a r t i c l e s .  

The use of thermal r a d i a t i o n  f o r  f a s t  p y r o l y s i s  h a s  been explored,  a s  t h i s  approach 
p r e f e r e n t i a l l y  h e a t s  t h e  s o l i d  wi th  p o t e n t i a l l y  h i g h  h e a t  f l w e s .  However, hea t ing  
t h e  p a r t i c l e  w i th  a h igh  temperature  h e a t  sou rce  can d r i v e  t h e  s u r f a c e  temperature 
of t h e  p a r t i c l e  t o o  h igh  and some vapor c rack ing  would be  expected. 'Ihe u s e  of  hot 
f l u e  gases  or hot  s o l i d s  a s  a h e a t  t r a n s f e r  medium r e q u i r e s  t h a t  they be a t  very 
high temperatures  t o  l e s s e n  t h e  amount of t h e  medium which must be generated o r  
r ecyc led ;  f l u e  gases  or h o t  sand a t  900' t o  1000°C have been used f o r  f a s t  
p y r o l y s i s ,  but tend t o  produce h i g h e r  y i e l d s  of noncondensible g a s e s  from cracking 
t h e  primary p y r o l y s i s  o i l  vapor s  t o  g a s e s  a s  desc r ibed  above. ' h e  i d e a l  r e a c t o r  fo r  
t h e  py ro lys i s  of biomass t o  primary o i l s  would ach ieve  high h e a t  t r a n s f e r  r a t e s  
through t h e  use of  a mechanism which has  an i n h e r e n t l y  high hea t - t r ans fe r  
c o e f f i c i e n t ,  r a t h e r  t h a n  through t h e  u s e  of  a high-temeprature source.  Such a hea t  
t r a n s f e r  mechanism i s  a t t a i n e d  by t h e  conduct ion of hea t  from a moderately hot 
r e a c t o r  wa l l  d i r e c t l y  t o  t h e  biomass p a r t i c l e .  

It can be r e a d i l y  demonstrated t h a t  when a s t a i n l e s s  s t e e l  w i re  a t  500' t o  9OO0C is  
con tac t ed  wi th  a m o n o l i t h i c  p i e c e  of  biomass,  t h e  biomass s u r f a c e  is a b l a t i v e l y  
pyrolyzed and converted t o  a l i q u i d  which a l lows  passage of t h e  wi re  and t o  vapors 
which condense t o  form smoke. I f  t h e  s t o r e d  energy i n  t h e  wire  i s  t r a n s f e r r e d  t o  
t h e  biomass by s l i d i n g  t h e  wi re  a c r o s s  t h e  biomass,  p y r o l y s i s  r a t e s  over  3 cm/sec 
a r e  observed (3). This method of h e a t  t r a n s f e r  h a s  been s t u d i e d  by pushing a wooden 
rod i n t o  a heated,  s t a i n l e s s  s t e e l  d i s k ,  and t h e  p y r o l y s i s  r a t e  has  been found t o  be 
p ropor t iona l  t o  t h e  p r e s s u r e  exe r t ed  and t o  t h e  temperature  d i f f e r e n c e ,  where t h e  
biomass s u r f a c e  w a s  c a l c u l a t e d  t o  be pyrolyzing a t  466OC. Heat t r a n s f e r  
c o e f f i c i e n t s  a s  h i g h  a s  8 W/cm2 were r e p o r t e d ,  which is over  300 t imes h ighe r  than 
f o r  thermal  r a d i a t i o n  from a w a l l  a t  900°C having an e m i s s i v i t y  of one (4).  

Although a r e a c t o r  can be designed t o  push wooden rods  i n t o  a hot  s u r f a c e  f o r  
r e s e a r c h  purposes (4, S),  most p r a c t i c a l  biomass f eeds tocks  a r e  expected t o  be  i n  
t h e  form of  sawdust or ch ips .  A modified entrained-bed r e a c t o r  was s e l e c t e d  i n  
which the  e n t r a i n e d  p a r t i c l e s  e n t e r  t h e  r e a c t o r  t a n g e n t i a l l y  so t h a t  c e n t r i f u g a l  
f o r c e s  push t h e  f e e d s t o c k  p a r t i c l e s  on to  t h e  e x t e r n a l l y  heated c y l i n d r i c a l  wal l .  
Drag f o r c e s  induced on t h e  p a r t i c l e  by t h e  e n t r a i n i n g  g a s  s t ream s e r v e  t o  keep the 
p a r t i c l e s  moving on t h e  wal l .  Since t h e  p a r t i c l e s  a r e  on or v e r y  n e a r l y  on t h e  
w a l l ,  they tend t o  i n t e r c e p t  p r e f e r e n t i a l l y  t h e  h e a t ,  which i s  conducted through the 
r e a c t o r  wall .  With nonreac t ing  s o l i d  p a r t i c l e s  i n  a hea t  exchanger made from a 
cyclone sepa ra to r ,  t h e  t o t a l  h e a t  t r a n s f e r r e d  t o  t h e  p rocess  s t ream was r e l a t i v e l y  
independent of t h e  s o l i d s '  c o n t e n t  a t  ca r r i e r - to - so l id s  (C/S) mass r a t i o s  a s . 1 0 ~  a s  
one, whereas with more s o l i d s ,  t h e  h e a t  t r a n s f e r r e d  inc reased  d rama t i ca l ly .  The 
temperature  rise i n  t h e  g a s  s t r eam was as  l i t t l e  a s  h a l f  of t h a t  s een  i n  t h e  s o l i d s  
a t  t h e s e  l o w  C/S r a t i o s .  The h e a t  t r a n s f e r  c o e f f i c i e n t  from t h e  w a l l  to  a so l id s -  
f r e e  gas  w a s  foiind t o  f o l l o w  t r a d i t i o n a l  convec t ive  h e a t  t r a n s f e r  r e l a t i o n s h i p s ,  but 
t o  be 1.8 t imes h i g h e r  i n  t h e  cyclone than  i n  a s t r a i g h t  t ube  f o r  t h e  same en te r ing  
tube  diameter  and e n t e r i n g  g a s  v e l o c i t i e s  (6). A r epor t ed  p r o p e r t y  of a cyclone i s  
t h a t  above an e n t e r i n g  Reynold's number of 3000, t h e  cyclone has  plug f low (7). "he 
cyclone is an i n t e r e s t i n g  r e a c t o r  concept f o r  t h e  p y r o l y s i s  of  biomass,  a s  reported 
i n  t h e  l i t e r a t u r e  (7 ,  8). However, t h e  r e a c t o r  of i n t e r e s t  i n  t h i s  paper i s  a 
v o r t e x  tube ,  which h a s  many s i m i l a r i t i e s  t o  a cyclone s e p a r a t o r .  

Vortex tubes  have a t a n g e n t i a l  e n t r a n c e  i n t o  one end of  a c y c l i n d r i c a l  t ube  and an 
e x i t  a t  t h e  o t h e r  end of  t h e  tube.  I f  a second e x i t  is added n e a r  t h e  t a n g e n t i a l  
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316 SS c y l i n d r i c a l  vo r t ex  tube  wa l l  was machined t o  l eave  a 3mm high  and 3-m wide 
r a i s e d  h e l i c a l  r ib .  High-speed movies taken  of t h e  cold-flow system v e r i f i e d  t h a t  
the r a i s e d  r i b  forced  t h e  s o l i d s  t o  t ake  t h e  des i r ed  t i g h t  h e l i c a l  pa th  (13). A 

I. t r a c e r  gas  experiment,  fo l lowing  t h e  progress  of propane p y r o l y s i s ,  v e r i f i e d  tha t  
t h i s  r e a c t o r  des ign  was e s s e n t i a l l y  plug flow, wi th  t h e  i n n e r  v o r t i c e s  c o n t r i b u t i n g  
a ve ry  sma l l  amount of i n t e r n a l  r ecyc l ing  ( 1 4 ) .  
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The temperature a t  the e x i t  of t h e  i n s u l a t e d ,  but unheated, r e c y c l e  loop is 
t y p i c a l l y  400' t o  45OoC. 'Ihe c a r r i e r  gas  is preheated t o  between 600' and 7OO0c 
p r i o r  t o  expansion through t h e  e j e c t o r  nozzle.  With these  c o n d i t i o n s ,  the 
temperature  of  t h e  p y r o l y s i s  s t ream i s  480' t o  520°C, as i t  e x i t s  t h e  v o r t e x  r e a c t o r  
system. About 10% of t h e  feed is converted t o  cha r ,  which is recycled with the 
scorched feed u n t i l  i t  is a t t r i t e d  t o  l e s s  t h a n  5 0  micrometers i n  s i z e .  'he vor t ex  
r e a c t o r  system a c t s  as a p a r t i c l e  size c l a s s i f i e r ,  and t h e  cha r  f i n e s  a r e  en t r a ined  
o u t  of t h e  vo r t ex  system t o  be  removed by a cyclone s e p a r a t o r  having a higher  
c o l l e c t i o n  e f f i c i e n c y .  I h e  f i n e  c h a r  h a s  a v o l a t i l e  con ten t  of 15% t o  20% and burns 
r e a d i l y ,  e s p e c i a l l y  when hot .  The bulk d e n s i t y  of t h e  f i n e  cha r  i s  between 0.18 and 
0 . 2 4  g/mL, depending upon whether it was f r e s h l y  poured o r  has  been allowed t o  
s e t t l e  ( t h e  bulk d e n s i t y  of  t h e  sawdust f eeds tock  was 0.24  g/mL). 'Ihe empi r i ca l  
formula f o r  t h i s  v o l a t i l e  cha r  is C H 0 , 5 3 0 0 , 1 2 ,  and it has  a hea t ing  value (HHV) of 
33 k J / g  ( 1 4 , 0 0 0  Btul lb) .  A microscopic  examinat ion of t h e  cha r  f i n e s  shows t h a t  t h e  
p a r t i c l e s  have t h e  appearance of  broken thin-wal led tubes ;  i.e., charred and broken 
c e l l  wa l l s .  

As noted above, t h e  primary vapor s  a r e  c rack ing  s i g n i f i c a n t l y  even a t  5OO0C and a 
r e s idence  time of h a l f  a second. I f  t h e  r e c y c l e  loop  of t h e  vo r t ex  r e a c t o r  is 
removed, t h e  y i e l d  of  permanent g a s e s  is about  3%, based on t h e  r eac t ed  feed. The 
i n i t i a l  g a s e s ,  which a r e  formed under t h e s e  c o n d i t i o n s ,  a r e  e x t r a o r d i n a r i l y  r i c h  i n  
carbon d iox ide  and a r e  a s s o c i a t e d  w i t h  t h e  formation of  char.  With t h e  r e c y c l e  loop 
open, some of t h e  pr imary p y r o l y s i s  vapors  a r e  r ecyc led  along w i t h  t h e  c a r r i e r  gas ,  
unreacted s o l i d s ,  and l a r g e  char.  The a d d i t i o n a l  time. which t h e  recycled primary 
vapors  spend i n  t h e  vo r t ex  r e a c t o r  l e a d s  t o  a small  l o s s  i n  t h e  y i e l d  of primary 
vapor s  and a higher  y i e l d  of noncondensible  g a s e s  of about 7%. lhe composition of 
t h e  gases  s h i f t s  cons ide rab ly  from t h e  i n i t i a l  gases  formed t o  t h a t  a s s o c i a t e d  with 
a sma l l  loss of primary vapors.  An even g r e a t e r  sh i f t  i n  t h e  gas  composition occurs 
with more ex tens ive  c rack ing  of t h e  primary vapors  t o  produce an assymptot ic  g a s  
composi t ion a s  t h e  primary vapors  nea r  e x t i n c t i o n ,  which i s  low i n  carbon dioxide,  
a s  shown i n  Table 1. 

The experimental  de t e rmina t ion  o f  t h e  feed consmed,  t h e  cha r  y i e l d ,  and the  
noncondensible gas  y i e l d s  a r e  r e l a t i v e l y  s t r a igh t fo rward .  However, t h e  primary 
vapor  and water y i e l d s  have proven d i f f i c u l t  t o  measure d i r e c t l y  due to  the  
formation of ae roso l s .  These a e r o s o l s  escape high-pressure s p r a y s ,  cyclofiic 
s e p a r a t o r s ,  and impingement o r  i n e r t i a l  c o l l e c t i o n  techniques.  The use of 
condensible  steam a s  t h e  c a r r i e r  g a s  makes t h e  water  y i e l d  ve ry  s e n s i t i v e  t o  small  
measurement e r r o r s  i n  t h e  steam c a r r i e r  g a s  flow. I h e  use of noncondensible gases  
as t h e  c a r r i e r  t e n d s  to  s t r i p  t h e  v o l a t i l e  o r g a n i c s  and t h e  water  o f  p y r o l y s i s  from 
t h e  condensate. These c o n s i d e r a t i o n s  have l ed  t o  t h e  use of  a noncondensible 
c a r r i e r  gas, n i t r o g e n ,  and t o  t h e  de t e rmina t ion  of  t h e  water formed dur ing  p y r o l y s i s  
and t h e  primary o i l  y i e l d  by d i f f e r e n c e .  By ana lyz ing  t h e  recovered condensate for 
wa te r ,  t h e  y i e l d  of water  may b e  determined. These techniques l e d  t o  t h e  conclusion 
t h a t  y i e l d s  of about 70% primary vapors  were achieved, based on taking the  
d i f f e r e n c e  between the  sawdust f ed  and t h e  measured g a s  flow and cha r  c o l l e c t e d .  
c o r r e c t i n g  f o r  t he  water  c o n t e n t  o f  t h e  condensates.  Af t e r  e lemental  compositions 
were obtained f o r  t h e  feed and t h e  c o l l e c t e d  p roduc t s ,  an elemental  balance was 
computed which v e r i f i e d  t h e  high pr imary vapor  y i e l d s  of  69 t o  77 w t  X ,  a s  shown in 
Table 2, based on t h e  y i e l d  of recovered c h a r  (2). 

The Primary p y r o l y s i s  o i ls ,  which have been recovered from the vo r t ex  r eac to r ,  a r e  
h igh ly  oxygenated and have n e a r l y  t h e  same elemental  composition a s  t h e  biomass 
feedstock.  ' h e  o i l s  have a da rk  brown c o l o r  and a r e  a c i d i c  with a pH between two 
and th ree .  'he h e a t i n g  v a l u e  (HHV) of  t h e  d r y  oils is 20 t o  22 kJ/g (8700 t o  
9 5 0 0  Btu/lb).  The oils can absorb up t o  about 25% water be fo re  forming twO 
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phases.  The v i s c o s i t y  of  t h e  oils was 1300 cp a t  3OoC, and t h e  d e n s i t y  was 1.3 g/mL 
(15) .  Although t h e  primary vapors  have a low molecular  weight a s  determined by t h e  
FJMBMS ( 1 6 ) ,  t h e y  r a p i d l y  polymerize upon phys ica l  condensation t o  form high- 
molecular-weight compounds in t h e  o i l s  (17). Attempts t o  s lowly d i s t i l l  t h e  oils 
l e d  t o  t h e  r ap id  polymerizat ion o f  t h e  oils b o i l i n g  above 100°C ( 1 5 ) .  The o i l s  have 
s i g n i f i c a n t  chemical a c t i v i t y ,  which sugges t s  t h e i r  p o t e n t i a l  use i n  l o w s o s t  
adhes ives ,  c o a t i n g s ,  and p l a s t i c s .  

The concept of supplying h e a t  through t h e  wa l l  of a vo r t ex  r e a c t o r  to  d r i v e  
endothermic processes  is i n  i ts e a r l y  developnent.  The scale-up p o t e n t i a l  o f  t h i s  
concept  depends upon t h e  angu la r  momentm of t h e  s w i r l i n g  c a r r i e r  gases  t o  keep t h e  
e n t r a i n e d  feed p a r t i c l e s  moving on t h e  wal l .  me h e a t  f l u x  d e l i v e r e d  t o  t u b u l a r  
py$o lys i s  r e a c t o r s  t y p i c a l l y  ranges between 5 and 15 W/cm2 (20 .000  t o  50,000 Btu/hr- 
f t  ). Reported d a t a  f o r  vo r t ex  t u b e s  i n d i c a t e s  t h a t  with d i ame te r s  l a r g e r  t h a n  
2.5 cm most of t h e  angular  momentwn is r e t a i n e d  even a f t e r  t r a v e l i n g  a tube l eng th  
equ iva len t  t o  20 tube diameters .  The major momentm l o s s e s  a r e  due t o  t h e  
f r i c t i o n a l  con tac t  of t h e  s o l i d s  and t h e  gases  wi th  t h e  vortex-tube wall. With 
l a r g e r  vo r t ex  t u b e s  needed f o r  scale-up,  t h e  angu la r  momentm of  t h e  p rocess  s t ream 
w i l l  i n c r e a s e  more than t h e  f r i c t i o n a l  l o s ses .  The h e a t  t r a n s f e r r e d  t o  t h e  r e a c t o r  
w i l l  s c a l e  by the  product  o f  t h e  diameter  AND t h e  length.  These c o n s i d e r a t i o n s  have 
l e d  to  c a l c u l a t i o n s  which suggest  t h a t  a vo r t ex  r e a c t o r  w i th  a 250 TPD c a p a c i t y  
would have a diameter  of only about 0 .5  m and a l e n g t h  of  9 t o  12 m. ' h e  
f a b r i c a t i o n  technique would most l i k e l y  be by t h e  welding up o f  a s p i r a l l y  wrapped 
tube  t o  form the  raised, h e l i c a l  r i b .  

CONCLUSIONS 

For t h e  f a s t  p y r o l y s i s  of biomass, a vo r t ex  r e a c t o r  h a s  s i g n i f i c a n t  advantages f o r  
t h e  product ion of primary p y r o l y s i s  vapors ,  i nc lud ing :  high hea t  t r a n s f e r  
c o e f f i c i e n t s  which al low t h e  use  of moderately low temperatures  of t h e  vo r t ex  
r e a c t o r  w a l l s  t o  supply t h e  endothermic hea t  of p y r o l y s i s ;  s e p a r a t i o n  of  t h e  
p a r t i a l l y  pyrolyzed feed p a r t i c l e s  from t h e  char;  t h e  a b i l i t y  t o  r e c y c l e  t h e  
p a r t i a l l y  pyrolyzed f eed ;  t h e  a b i l i t y  t o  accep t  a wide spectrum of p a r t i c l e  s i z e s  i n  
t h e  feed;  s h o r t  gaseous r e s idence  t imes;  n e a r l y  plug flow; and p r e f e r e n t i a l  hea t ing  
of t h e  s o l i d  feed over t h e  vapor s t ream, t o  p re se rve  t h e  primary vapors.  Primary 
p y r o l y s i s  vapor y i e l d s  i n  t h e  70% range have been ca l cu la t ed  by mass ba l ances  and 
v e r i f i e d  by elemental  ba l ances ,  a l though phys ica l  c o l l e c t i o n  of t h e s e  vapors  h a s  
proven t o  be e l u s i v e  due t o  t h e  formation of p e r s i s t e n t  a e r o s o l s  and due to  the 
v o l a t i l i t y  of t h e  vapors i n  t h e  c a r r i e r  g a s  (methods t o  recover  t h e s e  vapor s  more 
completely with p r a c t i c a l  means a r e  under development). 
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Table 1. Pyrolys is  Gas Composition at Various Cracking Sever i t ies  (mol %) 
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wlo Recycle Gases w/Recycle Vapor Gases 
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a b l e  2. Elemental Balance for Fast Pyrolysis to Primary Vapors 

Feed + Primary k'apors + Water + Char + Gas 

CH1.400.62 + CH1.200.49 + H2° + CH0.5300.12 -+ CH0.3801.33 

Exp . 
Char Yield Primary Vapors Water Prompt Gas 

7.5 

10.5 

12.7 

76.8 11.7 4.0 

73.1 12.8 4.1 

69.0 14.0 4.3 
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FAST PYROLYSIS OF PRE-TREATED WOOD AND CELLULOSE 

D. St.A.G. Radlein, J. Piskorz, A. Grinshpun and D.S.Scott 
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Introduction 

Over the last several years, the Waterloo Fast Pyrolysis 
Process (WFPP) has been developed to maximize yields of liquids 
by the rapid thermal decomposition of lignocellulosic biomass. 
The process operates at atmospheric pressure and the reaction is 
carried out in a fluidized bed of sand as a heat transfer medium. 
Optimal conditions for woody biomass are 45O0-55O0C and about 0.5 
seconds gas residence time. The nature of the fluidizing gas has 
little influence on yields. 

Liquid yields from wood at optimal conditions are 70%-80% of 
the dry feed, with the organic liquid yields being 60%-65% of the 
dry wood fed. A description of the process and the yields ob- 
tained with various types of biomass has been published previous- 
ly by the authors (1)(2). Extensive identification and quantifi- 
cation of many of the individual compounds present in these 
pyrolytic oils have also been reported (3)(4)(5). 

Shortly before his death, Shafizadeh suggested (6) that pre- 
treatment of the wood by a mild acid hydrolysis to remove hemi- 
celluloses followed by pyrolysis of the wood would allow a higher 
yield of fermentable sugars to be obtained, because the pentoses 
could be recovered from the acid hydrolysate and added to the 
anhydrosugars customarily formed in wood pytolysis oils. How- 
ever, this argument overlooked the fact that very low yields of 
anhydrosugars are normally obtained from wood except under slow 
heating at low temperatures (and perhaps vacuum) conditions. 
Certainly, yields of anhydrosugars and glucose from the rapid 
pyrolysis of wood in the WFPP are usually less than 5%. However, 
it was decided in this work, for other reasons, to investigate 
the effect on pyrolysis yields, and on the composition of the 
liquid product, of a mild pre-hydrolysis to remove part or most 
of the pentoses while leaving the cellulose content unaffected. 
The results of preliminary work are reported here. 

Experimental 

Samples of a standard poplar wood and of commercial cellu- 
lose products (IEA hybrid poplar, SS-144 chromatographic cellu- 
loses and Avicel pH 102 microcrystalline cellulose) were used as 
test materials. Properties of these feeds are given in Table 1. 

pyrolysis of raw and treated wood or cellulose was carried 
out at standardized conditions for all runs (500"C, 0.46 seconds 
gas residence time, N 2 ,  -590 urn particle size) using the bench 
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s c a l e  f l u i d i z e d  b e d  a p p a r a t u s  w h i c h  h a s  b e e n  d e s c r i b e d  e l s e w h e r e  
( 1 ) .  M e t h o d s  of a n a l y s i s  o f  t a r ,  g a s ,  c h a r  a n d  water y i e l d s  h a s  
a l s o  b e e n  d e s c r i b e d  p r e v i o u s l y  ( 2 ) .  

Wood or c e l l u l o s e  was h y d r o l y z e d  i n  a b a t c h  r eac to r  a t  90°C 
u s i n g  s u l f u r i c  a c i d  c o n c e n t r a t i o n s  o f  1%, 3% a n d  5% w i t h  r e a c t i o n  
times o f  6 o r  1 9  h o u r s  a n d  l i q u i d  to s o l i d  w e i g h t  r a t i o s  of 4 : l  
or 12:l. A summary of r e a c t i o n  c o n d i t i o n s  i s  g i v e n  i n  T a b l e  1. 
H y d r o l y s i s  c o n d i t i o n s  were s e l e c t e d  t o  g i v e  a h i g h  d e g r e e  o f  
c o n v e r s i o n  of t h e  g l u r u r o n o x y l a n ,  w h i c h  i s  t h e  p r i n c i p a l  compo- 
n e n t  uf h a r d w o o d  h e m i c e l l u l o s e ,  t o  x y l o s e ,  w h i l e  l e a v i n g  t h e  
ce l lu lose  u n a f f e c t e d .  A f t e r  t r e a t m e n t ,  t h e  s a m p l e  was f i l t e r e d ,  
w a s h e d  t o  a pH o f  6 . 3  a n d  d r i e d  a t  room t e m p e r a t u r e .  

A n a l y s i s  of a c i d  h y d r o l y s a t e  a n d  o f  t h e  water e x t r a c t  o f  t h e  
p y r o l y s i s  o i l s  was d o n e  b y  HPLC (Aminex  HPX-87H c o l u m n  a t  6 5 " C ,  
e l u e n t  0 . 0 7  N H3P0, , ,  e l u e n t  f l o w  r a t e  0 . 3 2  x 2 . 2 5  m l / m i n ) .  

Resu l t s  

T a b l e  2 s h o w s  t h e  a m o u n t  of x y l a n  r e m o v e d  d u r i n g  t h e  v a r i o u s  
a c i d  t r e a t m e n t s .  The  c a l c u l a t e d  p e r c e n t  r e m o v a l  i s  b a s e d  on  a n  
a s s u m e d  v a l u e  o f  20 .5% b y  w e i g h t  o f  p e n t o s a n s  i n  t h e  IEA p o p l a r  
( 7 ) .  T h e  t o t a l  w e i g h t  l o s s  from t h e  wood e x c e e d e d  t h e  e q u i v a l e n t  
amount o f  x y l o s e  r e c o v e r e d ,  b e c a u s e  o f  t h e  h y d r o l y s i s  of some 
l i g n i n  a n d  some m i n o r  h e m i c e l l u l o s e  c o n s t i t u e n t s .  T h e  r e s u l t s  o f  
T a b l e  2 s u g g e s t  t h a t  a t  e v e n  t h e  m i l d e s t  h y d r o l y s i s  c o n d i t i o n s  
( 1 %  HzSOU a t  9 0 ° C  f o r  19 h o u r s  a t  a 4 : l  l i q u i d  t o  s o l i d  r a t i o )  
most  o f  t h e  r e a d i l y  h y d r o l y z a b l e  x y l a n  h a s  b e e n  c o n v e r t e d  t o  
x y l o s e .  C h a n g i n g  t h e  l i q u i d  t o  s o l i d  r a t i o  a t  c o n s t a n t  a c i d  
s t r e n g t h  h a d  l i t t l e  e f f e c t ,  i n d i c a t i n g  t h e  r e l a t i v e  c o m p l e t e n e s s  
of t h e  i n i t i a l  h y d r o l y s i s  r e a c t i o n s  of h e m i c e l l u l o s e .  Also shown 
i n  T a b l e  2 a re  t h e  b l a n k  run c a r r i e d  o u t  u s i n g  h o t  water o n l y ,  as  
w e l l  as t h e  c o n d i t i o n s  f o r  t h e  a c i d  t r e a t m e n t  o f  t h e  c o m m e r c i a l  
cel luloses  u s e d .  

T h e  r e s u l t s  o f  t h e  p y r o l y s i s  runs f o r  t h e  u n t r e a t e d  a n d  
t r e a t e d  p o p l a r  wood a re  g i v e n  i n  T a b l e  3. T h e  two r u n s  i n  w h i c h  
most o f  t h e  x y l a n  was r e m o v e d  b y  a c i d  h y d r o l y s i s  g a v e  a 78%-80% 
y i e l d  of o r g a n i c  l i q u i d ,  a n d  a g r e a t l y  r e d u c e d  y i e l d  o f  water. 
T h e  c h a r  a n d  g a s  y i e l d s  were a l so  r e d u c e d  t o  a b o u t  o n e  h a l f  t h e  
v a l u e  of t h a t  for t h e  u n t r e a t e d  wood.  T a b l e  4 g i v e s  t h e  a n a l y s e s  
o f  t h e  o r g a n i c  l i q u i d  f r a c t i o n  p r o d u c e d  i n  t h e  p y r o l y s i s  r u n s  
shown i n  T a b l e  3. T h e  most n o t a b l e  f e a t u r e  i s  t h e  s h a r p  i n c r e a s e  
i n  l e v o g l u c o s a n  a n d  i n  t o t a l  s u g a r  c o n t e n t  of t h e  o i l s  f r o m  t h e  
a c i d  h y d r o l y z e d  w o o d ,  w h i l e  a s h a r p l y  r e d u c e d  y i e l d  of h y d r o x y -  
a c e t a l e d h y d e  o c c u r r e d  s i m u l t a n e o u s l y .  A m a r k e d  d e c r e a s e  i n  t h e  
a m o u n t s  of a c i d  p r o d u c e d  from t r e a t e d  wood i s  a l so  a p p a r e n t .  

S i m i l a r  r e s u l t s  are  shown i n  T a b l e  5 f o r  a commercial low 
a s h  c e l l u l o s e  ( S S 1 4 4 )  w h i c h  g a v e  h i g h  y i e l d s  o f  h y d r o x y a c e t a l d e -  
h y d e  f r o m  p y r o l y s i s  a t  5OO0C, a n d  much less l e v o g l u c o s a n .  A f t e r  
a m i l d  h y d r o l y s i s ,  l e v o g l u c o s a n  y i e l d  was s h a r p l y  i n c r e a s e d ,  a n d  
t h a t  of h y d r o x y a c e t a l e d h y d e  d e c r e a s e d .  A l a r g e  i n c r e a s e  i n  
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c e l l o b i o s a n  y i e l d  was a l s o  o b s e r v e d  f o r  b o t h  this c e l l u l o s e  a n d  
f o r  t h e  t r e a t e d  wood.  

R e s u l t s  f o r  t h e  p y r o l y s i s  of u n t r e a t e d  a n d  f o r  n r i d  w a s h e d  
A v i c e l  PH-102 a r e  a l s o  g i v e n  i n  T a b l e  5. A g a i n ,  a l a r g e  i n c r e a s e  
i n  l e v o g l u c o s a n  y i e l d  a n d  a n  a l m o s t  z e r o  y i e l d  of h y d r o x y a c e t a l -  
d e h y a e  r e s u l t  f r o m  a c i d  w a s h i n g .  T h e  y i e l d s  of a c i d s  a n d  o f  
o t h e r  m i n o r  c o n s t i t u e n t s  i s  a l s o  s h a r p l y  d e c r e a s e d  f o r  t h e  n r i d  
w a s h e d  A v i c e l ,  a l t h o u g h  c e l l o b i o s a n  y i e l d  i n c r e a s e s .  

T h e  h y d r o l y s a t e  l i q u o r s  f r o m  wood were a n a l y z e d  f o r  C a ,  M g ,  
Na a n d  K c o n t e n t s ,  w h i c h  were c o m p a r e d  t o  t h o s e  f o u n d  f r o m  a n u l y -  
sis o f  t h e  a s h  f r o m  t h e  u n t r e a t e d  wood. E s s e n t i a l l y  a l l  t h e s e  
c a t i o n s  were r e m o v e d  i n  t h e  a c i d  t r e a t i n g  s t e p .  

D i s c u s s i o n  

T h e  reason f o r  t h e  g r e a t  increase i n  l e v o g l u c o s a n  a n d  t h e  
p a r a l l e l  d e c r e a s e  i n  h y d r o x y a c e t a l d e h y d e  y i e l d  f o l l o w i n g  a c i d  
t r e a t m e n t  i s  n o t  c l e a r  f r o m  t h e s e  r e s u l t s .  I t  is t e m p t i n g  t o  s a y  
t h a t  t h e  c h a n g e  i n  p r o d u c t  d i s t r i b u t i o n  i s  d u e  t o  t h e  r e m o v a l  of  
i n o r g a n i c  c a t ions  d u r i n g  t h e  a c i d  t r e a t i n g  p r o c e s s ,  s i n c e  it is 
known t h a t  t h e s e  c a t i o n s  c a n  c a t a l y z e  t h e  d e c o m p o s i t i o n  o f  c e l l u -  
l o se  a n d  i t s  d e g r a d a t i o n  p r o d u c t s .  H o w e v e r ,  t h e  l o w  a s h  c o n t e n t  
SS144 c e l l u l o s e  a l s o  showed t h i s  r e m a r k a b l e  i n c r e a s e  i n  l e v o g l u -  
cosan y i e l d .  Also a c o m p a r i s o n  o f  r e s u l t s  f o r  t h e  u n t r e a t e d  a n d  
t h e  a c i d  w a s h e d  A v i c e l  PH102 m i c r o c r y s t a l l i n e  c e l l u l o s e  ( a v e r a g e  
a s h  c o n t e n t  4 0  ppm) a l s o  s h o w s  a n  i n c r e a s e  i n  l e v o g l u c o s a n  y i e l d  
f r o m  27 .0%-38.4% o f  t h e  f e e d  when p y r o l y z e d  a t  500°C w h i l e  
h y d r o x y a c e t a l d e h y d e  a n d  c e l l o b i o s a n  d e c r e a s e d  f r o m  8 .6%-0.43% a n d  
10.1%-5.6% r e s p e c t i v e l y .  

W h i l e  t h e r e  i s  l i t t l e  d o u b t  t h a t  t h e  c o n t e n t  o f  i n o r g a n i c  
c a t i o n s  a f f e c t s  t h e  p r o d u c t  d i s t r i b u t i o n ,  it a p p e a r s  t h a t  i t  i s  \ 

n o t  t h e  o n l y  e f f e c t ;  a n d  t h e  m o r p h o l o g y  a n d  d e g r e e  o f  h y d r o g e n  
b o n d i n g  i n  t h e  c e l l u l o s e  m u s t  a l s o  i n f l u e n c e  t h e  c o m p o s i t i o n  of  
t h e  p y r o l y t i c  l i q u i d s .  

A p p a r e n t l y ,  t h e  x y l a n  c o n t e n t  o f  wood i s  a p r i m a r y  s o u r c e  of 
much o f  t h e  g a s  a n d  c h a r  f o r m e d  i n  f a s t  p y r o l y s i s ,  as  w e l l  a s  
b e i n g  a major c o n t r i b u t o r  t o  t h e  a c i d  c o n t e n t  o f  t h e  p y r o l y t i c  
o i l s .  

When t h e  resu l t s  o f  T a b l e s  3 a n d  4 are r e c a l c u l a t e d  o n  t h e  
bas i s  o f  c e l l u l o s e  c o n t e n t ,  t h e n  i t  i s  f o u n d  t h a t  f a s t  p y r o l y s i s  
o f  t h e  a c i d  t r e a t e d  wood c a n  c o n v e r t  75% o f  t h e  c e l l u l o s e  t o  
s u g a r s  - l a r g e l y  a n h y d r o s u g a r s ,  w i t h  15% r e d u c i n g  s u g a r s  a n d  15% 
d i s a c c h a r i d e s .  When t h e  pentose  c o n t e n t  o f  t h e  a c i d  h y d r o l y s a t e  
i s  a d d e d  t o  t h i s ,  a h i g h  c o n v e r s i o n  of t h e  wood t o  suga r s  i s  
o b t a i n e d ,  w i t h  a b o u t  80% o f  t h e  h o l o c e l l u l o s e  c o n t e n t  y i e l d i n g  
s u g a r s  o f  v a r i o u s  k i n d s .  F a s t  p y r o l y s i s  o f  a c i d  t r e a t e d  wood may 
w e l l  b e  a n  economical r o u t e  f o r  t h e  p r o d u c t i o n  of f e r m e n t a b l e  
s u g a r s ,  a s  P r o f e s s o r  S h a f i z a d e h  s u g g e s t e d .  
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lahle 1 

broDerries of feed Materials 

- 

Run No. 

A-1 (Yood) 

A-4 (Yood) 
A-5 (55-144) 
A-6 (Av ice l )  

A-3 (Uood) 

Le1 lulose 

Residue Af ter  
Hydro lys is  

grams' 

106 
101.2 

-150 
-150 
-150 

Poplar Wood 

Source Avicel pH 102 Schlelcher 6 Schuell 
XI44 T L C  Cellulose 

Powder 

noisture. ut% 2.9 4.0 
Ash. 2 mf < 0.01% 0.062 
Elemental Analysis, 2 

C 44.3 44.4 
H 6.16 6.17 
0 49.5 49.4 
N Tr Tr 

Cellulose (Typical) 2 > 99 > 95 
Hemi Cellulose (Typical) 2 -- -- 
Lignin (Typical) % _ _  -- 

1 Acid 
Conc. 

5% 
1% 

None 
5% 
5% 

Time 
hrs . 
6 

19 
5.5 
5.5 
5.5 

Temp 
OC 

90 
90 
90 
90 
90 

Clean Wood Only 
Ontario MNR 

Clone 0-38 

Liquid: Xylose 
Conc. S o l i d  I 

44;; 1 2.51 3.24% 

4: l  Tr 
4: l  T r  
4 : l  I N i l  

4.6 
0.46 

49.45 
6.05 

44.4 
0.07 

42.3 
31.0 
16-22 

Table 2 

I iyirolysis Condit ions fOP Uood and Cel lu lose 

I of Xylan 
Removed 

61% 
51X 
Tr  -_ -- 

I n i t i a l  amount i n  a l l  t e s t s  nas 150 grams 
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?..d mu, qmlhr 3.390 

rrp .C 504 

vaporMs.Time, s 0.46 

P.rt161. SI... D. -1000 

*Oi.tYI., 6 4.6 

c . l l u l o n ,  6 49 .1  

ll=.ld., 6 uod .I 

OrqanU Llquld b6.1 

w s u z  10.8 

chu 11.8 

0. 11.0 

99.8 
- 

29.6 

491 

0.46 

-590 

3.1 

49.1 

61.8 

11.1 

7.7 

10.8 

96.5 
- 

IDI 40  -. 
33.4 

504 

0 .46  

-590 

7 .0  

50.0 

69.8 

7.6 

9.)  

1a.a 

99.) 
- 

16.2 

503 

0.46 

-590 

o m  

63.4 

i8 .a  

5 .0  

6 .0  

1 .7  

97.0 
- 

21.9 

SO1 

0 .45  

-590 

16 .5  

u . 8  

79.6 

0 .9  

6.7 

6.4 

91.6 
- 

PP59 & - I  a-4 A - I  A - 1  - - - - -  

0 .7  

1 . 3  

0.4 

1.11 

1.18 

1 . 4 3  

3.04 

10.03 

3.09 

1.43 

1.05 

1.40 

0.65 

1.16 

16.2 

51.5 

78.3 

9.2 

2.58 3.80 1.19 

3.18 10.08 5.68 

1.0 1.67 1.89 

2.31 4.00 a m  
3.68 4.10 0 . l l  

4 . u  a.08 4.50 

5.11 15.1 ao.41 

~1.61 5.a5 0.17 

1.42 a.54 1.42 

5.20 1.46 0.17 

0.78 0.43 - 
1.20 0.06 0.06 

1.a8 0.41 o m  
1.78 0.71 0.8 - 18.0 19.0 

- 11.4 69.9 

- 91.1 87.8 

18.4 38.1 41.6 
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Run 
Source 

Temp "C 
Y ie lds,  !6 mf of feed 

Organic l i q u i d  
Water 
Char 
Gas 

Hydrocyacetal dehyde 
Levoglucosan 
Cellobiosan 
G1 ucose 
Fructose 
Glyoxal 
Methyl glyoxal 
Formic Acid 
Acetic Acid 
Ethyl  eneglycol 
Formaldehyde 
Acetol 
Anhydrogl ucof uranose 
Oligiosaccharides 

X o f  O i l  Q u a n t i f i e d  

T a b l e  5 

P y r o l y t i c  Products from Cel iu ioses 

55-12 A-5 
C o m r c i  a1 Treated 

SS 144 SS 144 

500 

72.5 
10.8 

5.4 
7.8 

15.3 
7.0 
4 .O 
1.0 
2.0 
3.5 
0.8 
5.5 
4.9 
1.7 
1.2 
2.2 

502 

83.5 
6.1 
1.3 
3.9 
6.2 

3l;e 
11.5 

1.8 
3.0 
5.5 
1.3 
1.9 
0.1 
0.02 
0.94 
0.12 
5.5 
5.3 

89.6 

6 
Avicel 
pH-102 

500 

87.1 
3.1 
2.5 
8.9 
8.6 

26;9 
10.1 

2.1 
4.7 
6.5 
0 -23 
3.8 
1.4 
0.56 
0.72 
0.04 

A-6 
Treated 
Avicel  

503 

86.3 
7 

5.7 
3.3 
0.43 

38.41 
5.6 
2.0 
2.7 
2.1 
0.30 
1.5 
0.03 
0.00 
0.24 
G.02 
7 .O 
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